ABSTRACT
INTRODUCTION
If Active Noise Control (ANC) systems are to be used in General Aviation (GA) aircraft, they must be cost effective. A primary driver in the cost of ANC systems is the number of channels needed to achieve a noise reduction target. Additional controller channels increase installed cost and subsequent lifecycle costs. The ANC systems that have been fielded successfully in several commercial turboprop aircraft have dozens of channels of sensors (microphones) and actuators (loudspeakers) that are distributed throughout the cabin [1, 2] . An ANC system designed for GA aircraft will be expected to have far fewer channels and yet achieve similar noise reduction
performance. An ANC system with optimized sensor and actuator locations can have a reduced channel count for a specified noise reduction target and thus be cheaper to build and maintain.
A variant of the ANC system is the Active Structural Acoustic Control (ASAC) system [3, 4] . The actuators of an ASAC system (e.g., shakers) work directly on the structure to reduce the levels of the structural vibrations that cause interior noise.
NASA's Langley Research
Center has investigated the use of ASAC systems to control aircraft interior noise [5, 6, 9] . These results indicate that actuator and sensor placement strongly influence ASAC system performance. However, it has also been found that pressurization (at altitude) of the aircraft cabin can alter actuator transfer functions and thereby reduce the performance of optimized configurations.
The following sections describe the optimization procedure and its use in developing an ASAC control system for the Raytheon 1900D. The benefit of optimizing the sensor and actuator arrays can be seen in the results of an early test performed on NASA's Composite Cylinder [6] . In this test 8 PZT actuators were installed on the interior shell of the cylinder as shown in Figure 1 . Transfer functions were obtained of theacoustic response totheindividual PZTexcitations by scanninga microphone boomthroughout the interiorof the cylinder.A totalof 462microphone locationswere sampled.
The testfocussed on 3 frequencies withspecificstructuralandacoustic modecharacteristics. Thesewere210 Hz (strongacoustic mode,strongstructural mode),230 Hz (weakacousticmode,strongstructural mode)and 275Hz(strongacoustic mode, weakstructural mode).
The goal wasto deriveandtest optimumsensorand actuator arraysofdimension 8x4,respectively, ateachof thetestfrequencies. Fora4 member PZTactuator array, thisamounted to findingthebest4 outof8 possible actuators,usingall462microphones. Thenumber ofevaluationsrequired todoanexhaustive searchis:
Where Na=8 is the total number of actuators and Nc=4 is the number of desired control channels. The exhaustive search was done and the best and worst actuator arrays Clearly an exhaustive search was not feasible. Where, *, denotes the complex conjugate transpose and c m is the optimized force vector. The associated cost function is a measure of the noise reduction at the error microphones and is given by: cost = AdB = 101og e*e (5) p*p
The problem with this formulation is that unrealistic actuator forces can be computed resulting in unrealistically high predicted noise reductions and a potentially incorrect optimization. 
COST FUNCTION REFINEMENTS
Predicted noise reduction at the error microphones was used as a cost function during tabu search. An active noise control system can be modeled by:
Where P is the primary noise source measured at the error microphones, c is the control force input, H is the transfer function between the actuator and error microphones, and, e is the resultant error microphone measurement. The control force which minimizes (3) can be computed by [8] : The FARF is a large anechoic room which contains the rear section of a DC-9 aircraft minus engines and tail.
The interior is complete with seats and trim panels. An isolated volume containing 3 rows of seats was formed by using 2 acoustically treated barriers. The data were originally acquired to support broadband noise control experiments. A large external loudspeaker array was used as the primary source. A total of 18 error microphones were located at head height, one for each seat (15) and 3 in the aisle. Sixty four PZT actuators were bonded to the aircraft skin in the frame bays on both sides of the aircraft. Only one side of the aircraft section was exposed to the primary source.
Using measured actuator transfer functions, single actuator noise reduction was computed for each of the actuators for two cases: actuator force unconstrained and actuator force constrained to a reasonable limit, see Fig Here 14 actuator locations are optimized for both the constrained and unconstrained cases. The unconstrained optimization uses weaker actuators to achieve a greater predicted noise reduction at the expense of much greater forces. The unconstrained case uses 2 actuators to control the area directly opposite the primary source, where the constrained case requires at least 8. This illustrates how unconstrained forces during optimization can lead to incorrect placement of the actuator arrays.
FORCE LIMITS
The computed control forces can be limited by the addition of a penalty factor, R:
The particular penalty factor which corresponds to a desired force limit can be found in two ways: (1) an constrained minimization procedure [10] , or, (2) conservative approximation. The constrained minimization procedure most closely resembles the noise control algorithm process where control forces are iteratively increased until maximum noise reduction or force limits are reached.
Although accurate, this procedure is time consuming and slows optimization trials.
Usinga methoddescribed by Rossetti [11] ,the penalty matrix,R, is assumed to bea uniformscalarmultipleof the identitymatrix:
Scalar, r, is computed by:
noise reduction, it has been found to maintain relative actuator behavior, selecting the same actuators as the constrained minimization procedure. After optimization, the final actuator array can be resolved using constrained minimization for a more accurate prediction of the noise reduction potential.
Where Oma x and O'mi n are the maximum and minimum singular values, respectively, of transfer function, H, and
Crnaxis the maximum force limit. The uniform penalty can be computed once using all the actuators to form H. This value has been found in practice to be very conservative.
Distribution of Forces
Actuator Number Figure 8 . Optimized actuator forces using constrained minimization An example solution illustrates the differences between the two methods of computing the penalties. An array of 14 actuators was solved for maximum noise reduction over 5 frequencies with the constraint of 5 Vrms maximum force. The resultant force distributions are shown in Figure 8 . As expected, all actuators are operating close to maximum force. The same array was solved subject to a uniform penalty matrix derived using equations (7) and (8) . The force distributions are shown in Figure 9 . The uniform penalty causes an unequal force distribution with many actuators way below their maximum potential.
Although the uniform penalty method does not maximize
Actuator Number Figure 9 . Optimized actuator forces using uniform approximation
COHERENCE
For given coherence, y2, between the reference signal and the primary source, the maximum noise reduction, ignoring force limits, is given by
To best predict the noise reduction of an actuator set, the effect of coherence must be included in the constrained solution derived in the previous section The associated coherent error signal is e c°h.
The solution for the optimum, constrained force is now: 
The predicted noise reduction now becomes
HOW OPTIMIZATION AFFECTS THE CONTROL ALGORITHM
Multi-input/multi-output (MIMO) control systems can be plagued by interdependencies between the actuators that destabilize the control system. One way of countering this effect is to transform the control system into an orthogonal coordinate system [12] . This is done by performing a singular value decomposition on the transfer function matrix, 14, substituting in (3), and rearranging terms. The singular values are scalars and are indicative of the authority the virtual control channel, v of (18), has over the acoustic power in the associated primary source principal component.
USV* = svd(H)
For best control, the acoustic power should be distributed to take advantage of the increased authority in the lower virtual channels. Figure 11 ). The first five virtual channels do hold 75% of the acoustic power in the primary source, but, the highest concentratio _, of primary power, 20%, is in the 5th virtual channel.
When the actuator array is optimized, the primary source power becomes more concentrated in the lowest virtual channels.
In Figure 12 , 75% of the acoustic power is concentrated in the first 2 virtual channels where there is the most control authority as can be seen by comparing the distributions in Figure 10 and Figure 12 More noise control can be obtained with less power
RAYTHEON

1900D FLIGHT TEST
The Raytheon/Beech 1990D, Figure 13 algorithm was used as the adaptive control algorithm for these flight tests. This algorithm is a transform domain version of the multi-channel filtered-x LMS algorithm [8, 12] , and is described in detail elsewhere [13] . In PC-LMS the controller parameters (filter weights) are adapted in the transformed coordinate system of (18), that decouples the feedforward control system at a single frequency. Each virtual control channel is independent of every other virtual channel. By decoupling the control channels, convergence rates and control effort penalties can be set for each virtual channel independently. In contrast, the filter weights for the filtered-x algorithm are adapted in a coordinate system defined by the control actuators, which are not usually independent of one another and can often show high degrees of inter-channel coupling when many actuators are used. Figure 16 and specifications for the actuator are summarized in Table 1 . The compact size and high force were achieved by the use of Tungsten for the mass.
The actuator resonant frequency (95 hz) was tuned to be just below the 1900D blade pass frequency (103 Hz) to avoid the steep phase change that occurs around resonance. The coil resistance (7.5 _) was chosen to be compatible with the Rane MA 6S multi-channel audio amplifiers that were used to power the actuators. 
RESULTS
The principal component noise control system worked very well providing excellent stability and control management. The noise reduction obtained is summarized and compared to predicted noise reduction in Table 2 .
The overall noise reduction figure was calculated using a linear weighting.
The actual noise control system did not meet the predicted performance levels. This is not due to a lack of coherence as can be seen in Figure 19 . It was evident It is finally concluded that if an ASAC system is to reach full potential, then the transfer functions used in the controller and during actuator location optimization, must reflect in-flight, pressurized conditions.
